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ETT2 is a second cryptic type III secretion system in Escherichia coli which was first discovered through the
analysis of genome sequences of enterohemorrhagic E. coli O157:H7. Comparative analyses of Escherichia and
Shigella genome sequences revealed that the ETT2 gene cluster is larger than was previously thought, encom-
passing homologues of genes from the Spi-1, Spi-2, and Spi-3 Salmonella pathogenicity islands. ETT2-associ-
ated genes, including regulators and chaperones, were found at the same chromosomal location in the majority
of genome-sequenced strains, including the laboratory strain K-12. Using a PCR-based approach, we con-
structed a complete tiling path through the ETT2 gene cluster for 79 strains, including the well-characterized
E. coli reference collection supplemented with additional pathotypes. The ETT2 gene cluster was found to be
present in whole or in part in the majority of E. coli strains, whether pathogenic or commensal, with patterns
of distribution and deletion mirroring the known phylogenetic structure of the species. In almost all strains,
including enterohemorrhagic E. coli O157:H7, ETT2 has been subjected to varying degrees of mutational
attrition that render it unable to encode a functioning secretion system. A second type III secretion system-
associated locus that likely encodes the ETT2 translocation apparatus was found in some E. coli strains. Intact
versions of both ETT2-related clusters are apparently present in enteroaggregative E. coli strain O42.
The species Escherichia coli contains a wide range of com-
mensal strains and pathogenic varieties (pathotypes) in addi-
tion to the model laboratory organism, E. coli K-12 (16). At
least six pathotypes are associated with human intestinal dis-
ease: they are enterotoxigenic E. coli (ETEC), enteropatho-
genic E. coli (EPEC), enterohemorrhagic E. coli (EHEC), en-
teroinvasive E. coli, enteroaggregative E. coli (EAEC), and
diffusely adherent E. coli. Two pathotypes are associated with
extraintestinal disease in humans, namely uropathogenic E.
coli (UPEC) and neonatal meningitic E. coli (NMEC). In ad-
dition, it is now clear that on phylogenetic grounds, all mem-
bers of the genus Shigella belong within the species of E. coli
(50). Furthermore, this dazzling phenotypic variety is matched
by remarkable variations in genome size, with the largest E.
coli genomes possessing more than a megabase more DNA
than the smallest ones (43).
Initial studies of UPEC, and later of other pathotypes, sug-
gested that E. coli strains often acquire new complex patho-
genic phenotypes in a single step by the acquisition of patho-
genicity islands, which contain virulence genes clustered on the
chromosome and which are acquired en bloc by horizontal
gene transfer (21). Similar studies with the related bacterium
Salmonella enterica have delineated several Salmonella patho-
genicity islands (Spi-1, Spi-2, Spi-3, etc.) (2, 22). The horizontal
transfer of DNA by mobile elements such as bacteriophages
and plasmids is also known to play a role in the evolution of
virulence in E. coli and Shigella (15). However, if bacterial
genomes are subject to a continual ingress of novel DNA
through horizontal gene transfer, the question is raised of how
this DNA is removed from the genome should it cease to
provide any selective advantage (33). Furthermore, some au-
thors have questioned the utility of the pathogenicity island
concept when in some cases the position, order, and clustering
of virulence genes seem remarkably fluid (61).
Many strains of EHEC and EPEC, like S. enterica, utilize
type III secretion to subvert eukaryotic signaling pathways by
injecting bacterial effector proteins into the host cell cytoplasm
(27, 30). Within these pathotypes of E. coli, a well-character-
ized type III secretion system (TTSS), similar to the Spi-2
system of S. enterica and encoded by a pathogenicity island
termed the locus of enterocyte effacement (LEE), is responsi-
ble for the development of the attaching-effacing lesion and for
other effects on enterocyte functions (21, 30, 37, 38, 48).
An analysis of the complete genome sequences of two
strains of EHEC O157:H7 revealed genes that potentially en-
code a second cryptic TTSS, which has been termed ETT2 (for
E. coli TTSS 2, with the term ETT1 reserved for the LEE-
encoded TTSS) and which resembles the SPI-1 TTSS from S.
enterica (24, 49). Three recent studies have shown that the
ETT2 gene cluster is found in some pathogenic strains of E.
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coli in addition to O157:H7 (23, 35, 40). However, these studies
failed to agree on the boundaries of the cluster, were limited in
terms of the phylogenetic diversity of the strains they sampled
(leading to the erroneous conclusion that ETT2 is largely ab-
sent from nonpathogenic strains), and did not describe any
ETT2-associated chaperone or translocator genes.
Prompted by the discovery of ETT2, we wished to address
several interrelated questions: how widespread is the ETT2
gene cluster among E. coli isolates, how has this pathogenicity
island evolved, and where are the ETT2 chaperones and trans-
locators? In pursuit of these goals, we performed in silico
analyses of ETT2 gene clusters available from genome se-
quences and other sources and developed a PCR-based ap-
proach, called tiling-path PCR scanning (TP-PCR), that al-
lowed us to construct a complete tiling path through a 40-kb
fragment of the chromosome centered on the ETT2 gene clus-
ter for 79 well-validated and phylogenetically diverse strains
drawn from the ECOR collection and representatives of se-
lected pathotypes. We were surprised to discover that the
ETT2 gene cluster is present in whole or in part in the majority
of E. coli strains, but that in almost all cases, including that of
EHEC O157:H7, it has been subjected to varying degrees of
mutational attrition. In addition, we found a second type III
secretion-associated locus (eip) in some E. coli strains which we
predict encodes the ETT2 translocation apparatus.
MATERIALS AND METHODS
Sequence analysis. Comparative analyses of the regions surrounding and con-
taining ETT2 and eip gene clusters were performed and visualized by use of the
coliBASE server (http://colibase.bham.ac.uk) (6) in September 2003 and covered
the complete or near-complete genome sequences of the following 12 Esche-
richia or Shigella strains: UPEC strain CFT073; laboratory strains K-12 MG1655,
K-12 W3110, and DH10B; EHEC strains O157:H7 EDL933 and O157:H7
RIMD 0509952 (“Sakai strain”); EAEC strain 042; EPEC1 strain E2348/69;
Shigella flexneri strains 2a 2457T and 2a 301; Shigella dysenteriae strain M131649
(M131); and Shigella sonnei strain 53G (3, 6, 24, 28, 49, 60). The sequences were
completed with the associated annotated protein-coding sequences for finished
genomes or with our own predictions of coding sequences based on GLIMMER
results for unfinished genomes (14). All genome-derived sequences described
here can be retrieved from the coliBASE server (http://colibase.bham.ac.uk
/ETT2). In addition, we included in our analyses the published sequence (35) of
a fragment of the ETT2 gene cluster from EPEC2 strain B171-8 (O111:NM).
Each coding sequence annotated in the ETT2 cluster in the published E. coli
O157:H7 Sakai genome sequence (24) was analyzed by BLAST searches on the
coliBASE server, supplemented as needed by visualization of the genomic con-
text of homologues, by GC percentage plots using an Artemis applet (53)
within coliBASE, by multiple alignments on the EBI Clustal server (http:
//www.ebi.ac.uk/clustal), by searches of the National Center for Biotechnology
Information’s conserved domain database (http://www.ncbi.nlm.nih.gov/Struc-
ture/cdd/cdd.shtml), and by PSI-BLAST searches on the ViruloGenome server
(http://www.vge.ac.uk). Any coding sequences in the Spi-1 TTSS that were not
represented in the ETT2 cluster were subjected to similar analyses, as were those
in the newly discovered eip gene cluster.
The length of each predicted coding sequence in the ETT2 gene cluster from
each strain was compared with the lengths of homologous predicted coding
sequences in every other E. coli strain and in the Spi-1 system. When two coding
sequences in one strain were represented by a single longer sequence in another
strain or when a single coding sequence in one strain was judged to be substan-
tially longer than those in another (allowing for the fact that GLIMMER some-
times makes mispredictions of start sites or even of coding sequences), the longer
sequence was assumed to represent the physiologically active ancestral state,
while the shorter sequences were judged to be pseudogenes.
Phylogenetic analysis. Homologues of EivC (from the Sakai strain) and EicA
(from EAEC 042) were identified by a PSI-BLAST search of the NCBI nonre-
dundant protein database supplemented with predicted protein products from
unfinished genome sequences on the ViruloGenome web site (http://www
.vge.ac.uk). These protein sequences were aligned with ClustalW, version 1.8
(58), with minor manual adjustments done with SeaView (20). All positions with
gaps were removed from the alignment, and phylogenetic trees were generated
by the neighbor-joining algorithm (54), as implemented in ClustalW. The topol-
ogy of the EivC tree was assessed by using 1,000 bootstrap replicates.
Bacterial strains. Details of the bacterial strains used for this study are pro-
vided in Table 1. The E. coli reference (ECOR) strain collection was kindly
supplied by Thomas Whittam and has been described elsewhere (44; http:
//foodsafe.msu.edu/whittam/ECOR). Representatives of other pathotypes, in-
cluding neonatal meningitic E. coli strain RS218, EAEC strain 042, enterotoxi-
genic E. coli (ETEC) strain H10407, EAEC strain EAEC25, UPEC strain
CFT073, and E. coli strain K-12, were kindly provided by Ian Henderson (Uni-
versity of Birmingham), while an isogenic nontoxigenic derivative of the E. coli
O157:H7 Sakai strain was a kind gift from Chihiro Sasakawa (University of
Tokyo). Two sets of clinical isolates were obtained in early 2003 from the clinical
microbiology laboratory of the Queen Elizabeth Hospital, Birmingham, United
Kingdom: they were a series of 43 consecutive blood culture isolates of E. coli
and a series of 36 putative commensal strains obtained by subculturing E. coli
isolates present in less than significant numbers (107/ml) from urine samples
without pyuria or any other evidence of infection (i.e., presumed to be perineal
contaminants).
TP-PCR. TP-PCR, which is essentially a scaled-down version of whole-genome
PCR scanning (45), consists of several interlocking PCR-based approaches. A
series of primers was designed to amplify 5-kb fragments that spanned the
region of interest (Fig. 1 and 2) but that also had short overlaps of a few hundred
base pairs. Long PCRs were performed to survey the region in question. Any
negative results by long PCR for a given primer pair were followed up by
amplification of the relevant short overlaps with the same primers and/or a
deletion-scanning long PCR that employed primers flanking the lost segments
(Fig. 1). For two strains for which there is published evidence of the precise site
of an insertion or deletion (an 8.7-kb deletion in the EPEC2 B171-8 sequence or
an unoccupied yqeG-glyU intergenic region in the CFT073 sequence), a short
PCR centered on the insertion-deletion (in-del) was employed to screen other
strains in our collection. In a few cases for which these approaches failed to
produce coherent results, the original long PCRs and/or the deletion-scanning
PCRs were repeated with a different enzyme preparation. In some supplemen-
tary experiments, for which we decided that a complete tiling path was not
required (the surveys for ETT2 in clinical isolates and the surveys of the eip
cluster), rapid short PCR scans using TP-PCR primer sets were performed.
TP-PCR primer sets to amplify regions of the ETT2 cluster, the eip cluster, and
the LEE were designed with Primer 3 software on the coliBASE server (6, 51).
The primer sequences are listed in Table 2. Long PCRs were performed with a
KlenTaq mixture (DNA Polymerase Technology, Inc., St. Louis, Mo.) in the
buffer supplied by the manufacturer. Each 20-l long-PCR mixture contained 20
ng of genomic DNA as a template, 8 pmol of each primer, and a 250 M
concentration of each deoxynucleoside triphosphate (dNTP). Long-PCR condi-
tions were 30 cycles of 10 s at 94°C, 30 s at 62°C, and 10 min at 68°C, followed
by a 10-min extension at 68°C. For short PCRs, each 20-l reaction mixture
contained 1 U of Taq polymerase (Invitrogen, Renfrew, United Kingdom) in the
buffer supplied by the manufacturer, 20 ng of genomic DNA, and a 250 M
concentration of each dNTP. Short-PCR conditions were 30 cycles of 30 s at
94°C, 30 s at 62°C, and 30 s at 72°C, followed by a 7-min extension at 72°C.
Supplementary long PCRs were performed in a few cases, using TaKaRa LA Taq
(Cambrex BioScience Wokingham, Ltd.) in the buffer supplied by the manufac-
turer. For these supplementary PCRs, each 20-l reaction mixture contained 48
ng of template DNA, 4 pmol of each primer, a 200 M concentration of each
dNTP, and 1 U of TaKaRa LA Taq; the reaction conditions were 30 cycles of 20 s
at 96°C and 10 min at 69°C, with a 10-min extension at 72°C. All PCRs were
carried out in a PTC-225 DNA Engine Tetrad thermal cycler (Genetic Research
Instrumentation, Braintree, Essex, United Kingdom). Long PCR fragments were
analyzed by electrophoresis in a 0.7% agarose gel, while short products were
analyzed in a 1.2% gel.
RESULTS
The EHEC ETT2 gene cluster is larger than O-island 115
and includes homologues of genes from the Salmonella Spi-1,
Spi-2, and Spi-3 pathogenicity islands, but it cannot encode a
functional TTSS. The ETT2 gene cluster was first identified as
an apparent insertion in the EHEC O157:H7 genome relative
to E. coli K-12 (called O-island 115 in Blattner’s nomenclature)
3548 REN ET AL. J. BACTERIOL.
 o
n
 April 22, 2014 by W






TABLE 1. Distribution of ETT2 island PCR fragments among E. coli strains
Straina Category ETT2 LPCR pattern Indel-specific PCR resultsb Conclusions from deletion-spanning PCRsc
CFT073 UPEC  CFT073-like ETT2 absent
RS218 NMEC
ECOR 23 ECOR A
ECOR 51, 52, 54, 55,
56, 57, 59, 61, 62, 63,
64, 65, 66
ECOR B2
ECOR 4 ECOR A CFT073-like, with 2.4-kb
insertion
ETT2 absent and something else inserted
next to glyU or 25-kb deletion in
ETT2 between 3F and 9R
H10407 ETEC  B171-8-like 8.7-kb deletion as in B171-8 sequence
EAEC25 EAEC
ECOR 1, 2, 3, 5, 6, 7, 8,
9, 10, 11, 12, 15, 18,
22, 24, 25
ECOR A
ECOR 26, 27, 28, 29,
30, 32, 33, 34, 58, 67,
68
ECOR B1
ECOR 39 ECOR D
ECOR 45 ECOR B1
ECOR 14 ECOR A B171-8-like, with 1-kb
insertion
8.7-kb deletion as in B171-8 sequence,
with 1-kb insertion
ECOR 13, 20, 21 ECOR A  Negative 23-kb deletion between 3F and 9R
ECOR 19 30-kb deletion between 2R and 10F
ECOR 53 ECOR B2 30-kb deletion between 3F and 9R, i.e.,
ETT2 absent
ECOR 60
ECOR 69 ECOR B1 Unresolved deletion between 2R and 10F
ECOR 16 ECOR A  Unresolved deletion between 2R and 4F,
18-kb deletion between 4R and 9R
ECOR 17 ECOR A  22-kb deletion between 4F and 9R
ECOR 38 ECOR D  21-kb deletion between 3F and 7R
ECOR 35 ECOR D  No deletion between 3R and 5F,
unresolved deletion after 6R
ECOR 31 ECOR E  15-kb deletion between 2R and 7F
K12 Laboratory  18-kb deletion as in K12 sequence
ECOR 36 ECOR D  No deletion between 3R and 5F, 8-kb
deletion between 7F and 8R,
unresolved deletion after 9R
ECOR 40 ECOR D  No deletion between 3R and 5F, 6-kb
deletion between 6F and 7R
ECOR 41 No deletion between 3R and 5F, 4-kb
deletion between 6F and 7R
ECOR 70 ECOR B1  5-kb deletion between 6R and 9R
ECOR 72 ECOR B1  5-kb deletion between 7F and 8R
ECOR 71 ECOR B1 8-kb deletion between 6R and 9F
ECOR 42, 43 ECOR E
ECOR 37 ECOR E  3-kb deletion between 6R and 7F
ECOR 48 ECOR D  No deletion between 3R and 5F, no
deletion between 8R and 10F, i.e.,
Sakai-like
ECOR 44, 46, 47, 49, 50  No deletion between 3R and 5F, i.e.,
Sakai-like
0157 EHEC  No deletions detected, i.e., Sakai-like
042 EAEC  No deletions detected, i.e., Sakai-like
a Strains in bold possess the eip cluster.
b An 200-bp PCR was used to detect a deletion point identical to that seen in B171-8, while an 600-bp PCR was used to detect a CFT078-like vacant ETT2
insertion point. Negative means that both indel-specific PCRs failed to give a product.
c When the indel-specific PCRs failed to resolve a deletion, deletion-scanning long PCRs were performed with forward and reverse primers from the sets flanking
the deletion. Deletion sizes were calculated by subtracting the deletion-scanning PCR product size from the expected product size from the Sakai strain. This approach
cannot resolve deletions followed by insertions, e.g., of IS elements.
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(24, 49), and close homologies have been noted between the
proteins encoded by this O-island and those in the S. enterica
Spi-1 TTSS (percent identities were recorded by Makino et al.
[35]). However, previous authors have disagreed on the bound-
aries of the cluster: using the Sakai genome nomenclature,
Makino et al. (35) placed the left boundary at ECs3714, de-
limiting what they considered to be a 17-kb insertion, while
Hartleib et al. (23) place the boundary further upstream, at
ECs3703 (rmbA/yqeH), making the cluster 29.9 kb in length. To
resolve this issue, we used three independent methods to de-
fine the boundaries of the island, namely homologies to other
TTSS genes, GC content, and genomic comparisons (Fig.
2a).
Several genes that are homologous to components of TTSS
gene clusters were found upstream of ECs3714 in the Sakai
strain (Table 3): they are ECs3713 (a pseudogene, homologous
to part of orgB from Spi-1 [19% identity at the protein level
over a 101-amino-acid stretch]), ECs 3712/ygeK (encodes a
homologue of the Spi-2 regulator SsrB [32% identity at the
protein level over a 209-amino-acid stretch]), ECs3711/B2854
(a homologue of iagB from Spi-1 [43% identity at the protein
level over a 122-amino-acid stretch]), ECs3709/ygeH (encodes
a tetratricopeptide repeat TTSS regulator, homologous to hilA
in Spi-1 [29% identity at the protein level over a 403-amino-
acid stretch] [46]), and ECs3708/ygeG (encodes a tetratri-
copeptide repeat TTSS chaperone, homologous to sicA in
FIG. 1. TP-PCR.
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Spi-1 [37% identity at the protein level over a 140-amino-acid
stretch] [46]). These findings provide strong evidence that the
ETT2 cluster extends upstream of Ec3714 and negate the claim
(35) that the ETT2 gene cluster lacks chaperones (Table 3).
Furthermore, they imply that the essential difference between
EHEC and K-12 at this locus is a deletion in K-12 rather than
an insertion into the EHEC genome, as claimed by Makino et
al. (35), and that the originally commensal and now laboratory-
FIG. 2. ETT2 and eip structures. (a) Structure of the ETT2 pathogenicity island in a number of E. coli and Shigella strains and comparisons
with regions of Spi-1 and Spi-3 from S. enterica serovar Typhimurium. Homologous genes are vertically aligned. Insertions relative to the complete
ETT2 sequence (as seen in strains Sakai and EAEC 042) are indicated with dashed lines. Dotted lines indicate deletions. (b) Structure of the eip
island in EAEC 042 and comparison with the backbone sequence seen in Sakai (and other sequenced E. coli strains). Numbered brackets in both
sections indicate the positions of primer pairs used for long PCR (see the text for details).
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adapted strain K-12 retains a remnant of an apparently viru-
lence-associated type III secretion cluster.
An examination of a GC% plot revealed a region of lower-
than-average GC content that extended from ECs3703 to
ECs3737 (Fig. 2a). Genomic comparisons identified two ge-
nome sequences, those of EPEC1 strain E2348/69 and UPEC
strain CFT073, that lacked this region of GC deviation in its
entirety (and thus presumably showed the ancestral state for
the species). Scrutiny of these sequences confirmed the assign-
ments of ECs3702/yqeG and ECs3738/yqeR as the ancestral E.
coli “backbone” protein-coding genes flanking the 27.5-kb
ETT2 island (Fig. 2a) and indicated that the island had in-
serted into the intergenic region between yqeG and the tRNA
glyU gene 142 bp upstream of the start of glyU.
Curiously, three genes from the leftmost extremity of the
ETT2 pathogenicity island are homologues of uncharacterized
genes from the Spi-3 pathogenicity island from S. enterica:
yqeH (ECs3703) is homologous to rmbA (39% identity at the
protein level over a 190-amino-acid stretch), yqeI (ECs3704) is
homologous to marT (41% identity at the protein level over a
101-amino-acid stretch), and yqeJ (ECs3705) is homologous to
fidL (43% identity at the protein level over a 139-amino-acid
stretch). Furthermore, ygeK (ECs3712) encodes a homologue
of the Spi-2 regulator SsrB (32% identity at the protein level
over a 209-amino-acid stretch). Others have noticed the pres-
ence of Spi-1- and Spi-3-related genes in E. coli K-12 (2, 27),
but their context as remnants of the ETT2 island only becomes
clear through comparisons with E. coli O157 and other patho-
types (Fig. 2a).
A comparison of the ETT2 island with Spi-1 revealed a
generally similar gene complement and arrangement, with a
few notable differences (Fig. 2a; Table 3). For example, there
were some additional putative transcriptional regulator genes,
such as ECs3720, a lack of gene products similar to the Spi-1
secreted proteins AvrA, SptP, and SipABCD (despite the pres-
ence of the sicA-like chaperone gene ygeG), and an absence in
the O157 annotation of an invH homologue, although a po-
tential invH homologue or pseudogene can be discerned in the
region between ECs3720 and EprS and has been annotated as
orf7 by Makino et al. (35) for strain B171-8. However, the most
striking finding was that three TTSS structural genes, the ho-
mologues of spaR, prgH, and orgB, were disrupted by frame-
shift mutations in both EHEC O157:H7 genome sequences
(Fig. 2a; Table 3). Since any one of these mutations would, by
analogy with Spi-1, abolish type III secretion (8, 31), we con-
clude that ETT2 is incomplete and inactive as a TTSS in
EHEC O157:H7, despite claims to the contrary (35).
The alignment of EivC from ETT2 with its homologues from
other TTSSs allowed the construction of a phylogenetic tree
(Fig. 3a) which indicated that ETT2 belongs to the Spi-1/Mxi-
Spa group of TTSSs, as do the recently discovered TTSSs from
Chromobacterium violaceum, two insect endosymbionts, and
Yersinia enterocolitica (11, 12, 19, 59).
The ETT2 gene cluster is present, at least in part, in the
majority of genome-sequenced Escherichia and Shigella
strains, but is usually disrupted or incomplete. A comparison
of the ETT2 gene cluster from EHEC with the equivalent
region of other Escherichia or Shigella genomes revealed sev-
eral surprises. Nine of the 12 genome sequences showed evi-
dence of ETT2 genes being inserted at the same chromosomal
site, within the yqeG-glyU intergenic region, which is compat-
ible with the idea that this island entered the species only once
and has remained immobile ever since. However, only one
other pathotype besides EHEC, namely EAEC strain O42,
possessed the full complement of ETT2 genes. Tellingly, a
comparison of the O42 ETT2 genes with their homologues in
Spi-1 failed to identify any inactivating frameshift mutations
(Table 3), suggesting that the EAEC O42 ETT2 gene cluster
may encode a functional TTSS. Two genes, eivJ and eivH, were
shorter than their equivalents in Spi-1. invH appears to be
TABLE 2. Primers used to detect ETT2 and eip gene clusters
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dispensable and highly variable in Spi-1, whereas invJ/spaN is
known to be essential for Spi-1-mediated secretion (4, 52).
However, there is considerable sequence diversity in SpaN,
even within S. enterica, and a marked divergence between spaN
and its homologue, spa32 from Shigella, even though they are
functionally interchangeable, so this variation in length may
not signal an inactivating mutation (4, 56). Furthermore, sev-
eral of the O42 ETT2 genes were longer than, or spanned
more than one of, their equivalents in EHEC, allowing the
identification of additional pseudogenes in the EHEC ETT2
gene cluster (ECs3705, ECs3710, ECs3713/4, ECs3722/3, and
ECs3736/7) (Fig. 2a; Table 3).
In contrast to EAEC O42, all other genome-sequenced
Escherichia or Shigella pathotypes possessed either an incom-
plete ETT2 gene cluster or, as noted for the EPEC1 and
UPEC strains, none at all. We noted an important distinction
between the EPEC1 genome-sequenced strain E2348/69,
which lacks the ETT2 island entirely, and EPEC2 strain
B171-8, which contains an ETT2 cluster with an 8.7-kb deletion
(35) centered on a 7-bp repeat (CC/ATCATT) (Fig. 2a). This
finding conflicts with the report by Makino et al. (35) that
E2348/69 and B171-8 both contain similar sets of ETT2 genes,
but it is concordant with the known highly divergent origins of
the EPEC1 and EPEC2 clades (17). Three additional patterns
of deletion were noted for the ETT2 gene cluster. An identical
14.6-kb deletion, which removed almost all of the secretion
apparatus genes but left some TTSS regulators and chaper-
ones, was found in the two K-12 laboratory strains (Fig. 2a). A
similar but slightly larger 18.3-kb deletion was seen for S.
sonnei, while a 26.5-kb deletion resulting in an almost total loss
of the gene cluster was seen for the two S. flexneri sequences,
in which all that remained were fragments of the two genes at
the extremities of the island. We could not find the yqeG and
glyU genes in the most recent release of the S. dysenteriae
M131649 genome sequence, which suggests that this strain has
undergone such extensive deletions in this region of the chro-
mosome that it is impossible to determine whether its lineage
ever possessed ETT2. Additional frameshift mutations were
present in some pathotypes (Fig. 2a; Table 3).
The observed spectrum of ETT2 genotypes could be ex-




(aa) Gene in K-12 Pseudogene(s) Other homologies
ECs3703 230 YqeH None RmbA regulator from Spi-3
ECs3704 269 YqeI None MarT from Spi-3
ECs3705 159 YqeJ Sakai, EDL933, K-12, W3110 FidL from Spi-3
ECs3706 145 YqeK None None
ECs3707 163 YgeF K-12 W3110, K-12 MG1655 None
ECs3708 163 YgeG None SicA-like TPR TTSS
chaperone
ECs3709 458 YgeH None HilA-like TPR TTSS
regulator
ECs3710 72 YgeI Sakai, EDL933, K-12, W3110 None
ECs3711 133 (167) B2854 K-12 W3110, K-12 MG1655 IagB from Spi-1, PilT from
S. enterica
ECs3712 210 YgeK K-12 W3110, K-12 MG1655, misidentification of
start site in EDL933
SsrB from Spi-2
ECs3713 143 B2857 Sakai, EDL933, K-12 OrgB, MxiN
ECs3174 86 B2858 W3110, K-12 MG1655
ECs3715 193 B2859 K-12 W3110, K-12 MG1655 OrgA, MxiK
ECs3716/EprK 244 Absent None PrgK
ECs3717/EprJ 110 None PrgJ, MxiI
ECs3718/EprI 79 Numerous frame shifts in EDL933 PrgI, MxiH
ECs3719/EprH 244 Sakai, EDL933 PrgH
ECs3720/EtrA 166 None Transcriptional regulator
ECs3721/EpaS 373 Last three residues missing in EAEC, ? significant SpaS
ECs3722/EpaR2 78 Sakai, EDL933 SpaR
ECs3723/EpaR3 155
ECs3724/EpaQ 86 None SpaQ
ECs3725/EpaP 221 None SpaP
ECs3726/EpaO 328 Sakai, EDL933 SpaO
ECs3727/EivJ 205 EAEC or Sakai/EDL933 SpaN/invJ
ECs3728 77 None
ECs3729/EivI 111 None SpaM/InvI
ECs3730/EivC 439 None SpaI/InvC
ECs3731/EivA 686 None InvA
ECs3732/EivE 381 None InvE
ECs3733/EivG 567 None InvG
ECs3734/EivF 249 None InvF
ECs3735 59 None Inner membrane proteins
YjdO/YdcX
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plained either by a single insertion with subsequent gene loss,
or far less plausibly, by assembly of the largest ETT2 gene
clusters from the smaller clusters by gene acquisition. Several
lines of evidence lead us to strongly favor the first scenario. (i)
The indels are centered on structural genes, which form a
functionally coherent unit, showing a large degree of conser-
vation in gene order with Spi-1 and other TTSSs. It is highly
unlikely that the same gene order would arise independently by
gene acquisition within E. coli. (ii) In the smaller clusters, the
indel boundaries are often marked by truncated genes, as
judged by homology with Spi-1 (e.g., b2859 in K-12 is a trun-
cation of ECs3715), suggesting that deletion occurred rather
than insertion. (iii) Insertion sequences of several classes (IS1,
IS2, and IS3) are found at the sites of indels in ETT2 gene
clusters, suggesting that homologous recombination between
such elements may account for multigene deletions. Similarly,
homologous recombination between the two copies of the 7-bp
repeat might account for the 8.7-kb deletion in B171-8 (Fig.
2a).
The ETT2 locus is present in whole or in part in the A, B1,
D, and E groups of the ECOR commensal strains but was
acquired after the divergence of the B2 group. We wished to
survey the phylogenetic distribution of the ETT2 pathogenicity
island. However, unlike previous surveys, which sampled dis-
continuous fragments of the island from pathogenic E. coli
strains allied to O157, we attempted (i) to sample the full range
of phylogenetic diversity within the species E. coli, including
commensal strains, and (ii) to determine the complete tiling
path through this region of the chromosome for a large num-
ber of strains. We surveyed the well-characterized ECOR
strain collection, which is richly diverse in terms of phylogeny
and geographical, clinical, and zoological strain origins (Table
1) (44). We devised a method, TP-PCR (Fig. 1), that exploits
short- and long-PCR protocols to construct a complete tiling
path through the relevant chromosomal region. This method
allowed us to construct a complete tiling path through the
ETT2 gene cluster for 68 of 72 ECOR strains and for all of the
representative pathotype strains (Table 1).
Using TP-PCR, we discovered that the ETT2 gene cluster
was present in whole or in part in the majority of the E. coli
FIG. 3. Phylogenetic trees showing relationship of ETT2 to other TTSSs based on neighbor-joining analysis of EivC and its homologues (a) and
of EicA and YgeG TPR chaperones to each other and to other chaperones (b). The numbers on the branches indicate the percentages of bootstrap
support based on 1,000 replicates. Numbers in parentheses are GI numbers of published sequences.
FIG. 4. Illustrative PCR results for ETT2 gene cluster. Strains, from
top to bottom: O157 Sakai strain (complete ETT2 gene set), ECOR1 (a
B171-8-like strain with an 8.7-kb deletion), K-12 (14.6-kb deletion), and
CFT073 (UPEC, with no ETT2). Lanes, from left to right: molecular
weight markers, 5-kb amplicons obtained with ETT2 TP-PCR primer
pairs 1 to 10 (see text for details), negative control (DNA, no primers),
and molecular weight markers (HyperLadder I; Bioline).
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strains sampled (50 of 72 [69% of the ECOR collection]),
whether they were commensal or pathogenic (Table 1; Fig. 4).
There was no evidence of large insertions or rearrangements
within this cluster. Furthermore, the ETT2 gene cluster always
occurred at the same chromosomal location, within the yqeG-
glyU intergenic region, unlike the LEE, which can be inserted
into selC, pheV, or pheU (17, 57), adding weight to our con-
clusion that the island entered an ancestral E. coli strain once
and then was lost through mutational attrition in most strains.
Certain salient conclusions can be drawn from the TP-PCR
amplicon patterns (Table 1; Fig. 5), particularly when they are
interpreted in the light of the known phylogenetic structure of
FIG. 5. TP-PCR results superimposed on phylogenetic structure of E. coli. The tree was obtained by neighbor-joining analysis of the ECOR
MLEE data (available at http://foodsafe.msu.edu/whittam/ecor) using the program Neighbor, part of the PHYLIP package (J. Felsenstein;
available from http://evolution.genetics.washington.edu/phylip.html). Branches containing one of the three most common genotypes are indicated
by bold, dashed, or gray lines. Filled circles indicate strains with eip clusters.
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the ECOR collection and of the E. coli pathotypes, for exam-
ple, the existence of two EPEC lineages, EPEC1 and EPEC2,
and two EHEC lineages, EHEC1 and EHEC2 (EPEC1 and
EHEC1 are highly divergent, whereas EPEC2 and EHEC2 are
closely related to one another and fall into the B1 group of the
ECOR collection) (17, 25, 29). The following three predomi-
nant patterns were detected: the unoccupied yqeG-glyU inter-
genic region (the ancestral state, as deduced from genome
sequence analysis), the Sakai-like complete ETT2 genotype,
and the EPEC2-like 8.7-kb deletion genotype (Fig. 5). The
phylogenetic distribution of these genotypes was not random,
but instead was largely congruent with the major phylogenetic
divisions (A, B1, B2, D, and E), as deduced by multilocus
enzyme electrophoresis (MLEE) and other methods (25, 29)
(Fig. 5). Opinion is divided on whether the branching order of
these major ECOR divisions has been or can ever be estab-
lished (M. Achtman, personal communication). However, the
distribution of ETT2 genotypes is consistent with the results of
multilocus sequence typing (MLST) studies which imply that
B2 is the earliest splitting branch of the tree, followed by the D
group (34).
Consistent with the MLST-derived branching pattern, the
ancestral ETT2-less long-PCR genotype was seen for all 15
ECOR strains belonging to the B2 group, for EPEC1 strain
E2348/69, which is known to be extremely divergent from other
groups (17), and for UPEC strain CFT073, which is closely
affiliated with the B2 group (10). The long-PCR results for all
but two of these strains were confirmed by a short PCR span-
ning the ETT2 insertion site (Table 1; Fig. 6). Furthermore,
ETT2 was absent from four Escherichia spp. other than E. coli
(E. blattae, E. fergunsonii, E. hermannii, and E. vulneris) (data
not shown).
Interestingly, apparently intact ETT2 gene sets occurred in 6
of 10 strains, 4 of them commensals, within ECOR group D, to
which EAEC O42 is most closely related (Table 1; Fig. 5).
Relatively intact gene sets predominated among the rest of
group D and group E (to which the genome-sequenced
EHEC1 strains are closely related) (7, 17). This is in line with
(i) predictions from MLST data that indicate that the D group
was next to diverge from the ancestral state after B2 and (ii)
MLEE data showing that the EHEC1 strains diverged from
other E. coli strains after the divergence of the EPEC1 strains.
FIG. 6. Indel-specific short PCRs. The first two rows show the results for ECOR strains from 200-bp PCRs across the deletion seen in strain
B171-8. The second two rows show the results for ECOR strains from 600-bp PCRs across the ETT2 insertion site (see Table 1 for details). Positive
results are labeled with ECOR strain numbers or pathotypes.
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Thus, we conclude that the ETT2 gene cluster entered an
ancestral E. coli strain sometime after the divergence of the B2
group (and the EPEC1 strains) but before the divergence of
the D group (and EHEC1 strains).
Overall, the most common TP-PCR pattern was that corre-
sponding to the 8.7-kb deletion seen in the already sequenced
ETT2 cluster from EPEC2 strain B171-8 (35). This TP-PCR
pattern predominated in the A and B1 ECOR groups. We
confirmed that the deletion was identical (to within a few base
pairs) to that in B171-8 in 17 of 25 ECOR group A strains, 12
of 16 ECOR group B1 strains, and the pathogenic strains
H10407 (ETEC) and EAEC25 (EAEC) by performing a short
200-bp PCR across the deletion site (Table 1; Fig. 6).
To confirm that the high prevalence of ETT2 gene frag-
ments among the strains of the ECOR collection was a general
phenomenon of human E. coli isolates, we performed short
PCRs with the ETT2 TP-PCR primers and collections of 43
freshly collected local blood culture isolates of E. coli and 36
freshly collected local urine contaminants from patients with
no laboratory evidence of urinary tract infections (presumptive
commensal strains of E. coli). ETT2 gene fragments were de-
tected in 16 of 43 (37%) bloodstream isolates and 10 of 36
(28%) commensal isolates (data not shown), confirming the
high prevalence of ETT2 gene fragments in E. coli (albeit a
lower one than in the ECOR collection) and the lack of any
obvious link to virulence.
For comparison, we surveyed the ECOR collection for frag-
ments of the LEE by using short PCR. Only two strains were
positive for LEE fragments, namely ECOR25, an ECOR
group A strain from a healthy dog (four of five fragments were
positive), and ECOR37, an ECOR group E strain from a
healthy marmoset (all five fragments were positive) (data not
shown).
A second type III secretion locus, the eip locus, encodes
homologues of Spi-1 translocators and additional TTSS-re-
lated proteins in a minority of E. coli strains. Prompted by the
lack of any sipABCD homologues in the ETT2 pathogenicity
island, we searched the available Escherichia and Shigella ge-
nomes for similar genes. We discovered a novel 20.9-kb patho-
genicity island—which we have termed the eip island—within
the EAEC O42 genome. This island is inserted between the E.
coli backbone genes yicM and nlpA and contains two homo-
logues of sip genes that we have termed eipB (encodes a pro-
tein that shows 20% identity over a 527-amino-acid stretch
with SipB) and eipD (encodes a product that shows 31% iden-
tity over a 266-amino-acid stretch with SipD) (Fig. 2b). Be-
tween these two eip genes lies a third gene (which we have
termed eipX) that shows weak similarity to espD (the encoded
product shows 20% identity over a 282-amino-acid stretch with
EspD) and thus may encode an additional secreted transloca-
tor protein. In addition, the eip island contains genes for a
novel SicA-like tetratricopeptide repeat chaperone (eicA), a
novel HilA-like regulator (eilA) (46), and an invasin/intimin-
like large outer membrane protein (eaeX) (Fig. 2b). Phyloge-
netic analysis of the tetratricopeptide repeat chaperones from
O42 suggested that the chaperones from the eip and ETT2
gene clusters arose from a duplication after the ETT2 system
diverged from Spi-1 (Fig. 3b).
A set of short PCRs, targeting fragments that were evenly
spaced throughout the eip island, were applied to the ECOR
collection and to our collections of clinical isolates (Fig. 2b).
The distribution of the eip island mapped onto the phyloge-
netic structure of the ECOR collection and correlated well
with the distribution of the most intact ETT2 clusters: the 13
eip-positive ECOR strains encompassed 11 of the 12 D strains
and 2 of the 5 E strains (Fig. 5; Table 1). Significantly, all six
ECOR strains that showed an intact Sakai-like ETT2 genotype
possessed the eip cluster. This suggests that the Sakai and
EDL933 strains are unusual in harboring an intact ETT2 clus-
ter without an accompanying eip island. Among clinical iso-
lates, the eip island was present in 7 of 15 ETT2-positive
bloodstream isolates and 6 of 10 ETT2-positive commensal
isolates but was never present in any isolates that lacked genes
from the ETT2 cluster (data not shown). Furthermore, like the
ETT2 gene cluster, it did not appear to be significantly more
common in bloodstream isolates than in commensals (7 of 43
versus 6 of 36 isolates) (data not shown).
DISCUSSION
The sequence analysis and PCR-based studies reported here
afford novel insights into the evolution of bacterial genomes
and TTSSs, but they also raise new questions. Our most sur-
prising conclusion was that the ETT2 gene cluster is present in
whole or in part in the majority of E. coli strains. A previous
study showed that ETT2 genes were found in 78 of 89 O-
antigen serotypes selected from several different pathotypes
(EPEC2, enteroinvasive E. coli, EAEC, and ETEC) and that
ETT2 genes are more common in EHEC strains than the
LEE-encoded ETT1 (23). However, among the ECOR strains
we found the difference to be even more striking, with 50 of 72
strains containing ETT2 genes, but only 2 containing the LEE.
Furthermore, we confirmed the presence of ETT2 genes in
ETEC, EAEC, EPEC2, and EHEC strains and in two Shigella
genomes. Thus, ETT2 is clearly the most prevalent nonflagel-
lar type III secretion-associated gene cluster in E. coli. How-
ever, because ETT2-associated genes are distributed equally
among pathogenic and commensal strains (they occur even in
the originally commensal but now laboratory-adapted K-12
strain), it seems hard to accept claims (35) that ETT2-associ-
ated genes may be a marker of virulence, particularly as ap-
parently complete Sakai-like ETT2 gene sets occur in several
commensal strains from the ECOR collection. Instead, the
ETT2 cluster appears to be a marker of phylogenetic origin, in
that it is absent from all B2 strains but present in almost all
others. We conclude that the genomes of the sequenced strains
E2348/69 (EPEC1) and CFT073 (UPEC) and the ECOR B2
strains represent the ancestral state with no ETT2 cluster and
that the ETT2 gene cluster entered an ancestral E. coli just
once, sometime after the divergence of the B2 group (and the
EPEC1 strains), but before the divergence of the D group (and
EHEC1 strains).
The second surprise was that in most strains, the ETT2 gene
cluster has undergone mutational attrition, so that it can no
longer encode a functioning TTSS. In most strains, genes have
been deleted, with one particular deletion, that already de-
scribed for EPEC2 strain B171-8 (35), being common to most
strains in the ECOR A and B1 groups. However, even in the
O157 genomes for which it was first described (24, 49), the
ETT2 gene cluster contains numerous inactivating mutations
VOL. 186, 2004 COMPARATIVE GENOMICS OF ETT2 GENE CLUSTERS 3557
 o
n
 April 22, 2014 by W






which, by analogy with Spi-1, must abolish its functions. Thus,
in contrast to a previous claim (35) that the ETT2 genes from
the O157 Sakai strain encode a functioning TTSS that can
mediate the secretion of EspB (now considered doubtful [T.
Tobe, personal communication]), we conclude that ETT2 can-
not function as a secretion system in either of the two genome-
sequenced E. coli O157 strains. Instead, here, as in most
strains, it represents a “rudimentary, atrophied or aborted
organ” of the sort predicted to occur by Darwin as a conse-
quence of the theory of evolution (13).
Several salient messages arise from the observation of ETT2
gene fragments in the laboratory model and nonpathogenic
strain K-12. Firstly, despite the fact that K-12 has one of the
smallest E. coli genomes (43), it is not safe to conclude that it
represents the ancestral state for the species—in other words,
apparent insertions relative to K-12 in other strains may in fact
represent deletions in K-12 (47). Examples of this phenome-
non other than ETT2 include O-island 82, of which K-12 has
lost most of the gene for an iron-regulated outer membrane
protein (1), and the mbhA and fhiA genes from K-12 which
represent the residual boundaries of an ancient lateral flagellar
gene cluster present in the ancestral E. coli (M. J. Pallen,
unpublished data). Thus, as others have noted (47), the polar-
ity of such intergenomic changes can only be inferred safely
after comparisons with several diverse genomes.
Secondly, not every apparent coding sequence in K-12
should be expected to encode a functioning protein: as others
have noted, many genes, particularly orphan open reading
frames, may represent pseudogenes (26, 39), a fact that is likely
to frustrate attempts for a global genome-wide functional char-
acterization of all open reading frames of K-12 (41). Within
the K-12 ETT2 cluster, we can confidently dismiss yqeJ, ygeF,
ygeI, b2854, ygeK, b2858, b2859, b2863, and b2864 as pseudo-
genes. These observations on indel polarity and pseudogenes
together imply that the accurate annotation of any E. coli
genome, including that of K-12, depends on multiple strain
comparisons. This is a compelling reason to support genome
sequencing efforts with additional strains and is a point that is
strongly made by the fact that only 1 of 12 completely or nearly
completely sequenced Escherichia and Shigella genomes pos-
sesses an apparently intact ETT2. Similarly, this study empha-
sizes that it is necessary in laboratory-based strain comparisons
to sample a wide range of phylogenetic diversity and to con-
struct a complete tiling path through a region of interest in
almost all strains before safe conclusions can be drawn about
associations between the genotype of a gene cluster and viru-
lence or other phenotypes.
The function of ETT2 remains a mystery, as do the niche
and signals that might trigger its expression and the identity
and nature of its effectors. Its presence in commensal strains
suggests that it might now play or once played a role in sym-
biotic colonization rather than in the pathogenesis of human or
mammalian disease, as has been suggested for some other
TTSSs (11, 12, 18, 36), including Spi-1 (42). Alternatively, its
target may not be the mammalian gut at all, but instead it may
aid in survival in the struggle with microscopic eukaryotes in
the external environment (9, 32). The discovery of an appar-
ently intact ETT2 secretion system in EAEC O42 raises the
hope that studies of this cryptic TTSS might mirror the suc-
cesses of recent studies of a cryptic type II secretion system
that was first discovered in the genome sequence of E. coli
K-12 (19a).
We do not yet have any functional data to link the newly
found eip cluster to the ETT2 cluster. However, the fact that
this cluster is only ever found in ECOR strains that possess an
apparently complete ETT2 gene complement, taken together
with the homology to Spi-1 and the clear functional relation-
ship between the type III secretion and translocation machin-
ery in other TTSSs, makes this a compelling hypothesis. Fur-
thermore, the configuration of the ETT2 and eip gene clusters
and the identities of the genes carried within them shed light
on the evolution of pathogenicity islands in general and TTSSs
in particular and raise some interesting questions. The sepa-
ration of translocon genes from genes encoding the needle
complex is unusual and is shared only with chlamydial TTSSs
(55). However, given the close similarities of ETT2 to the other
TTSSs in the proteobacteria, it seems unlikely that this sepa-
ration of genes represents the ancestral state for the Spi-1-like
systems; instead, it appears to be a specific derived feature of
this system. Intriguingly, the ETT2 gene cluster encodes a
tetratricopeptide repeat chaperone, which would normally be
expected to bind to a translocator (46); however, the ETT2
cluster lacks translocator genes, while the eip cluster encodes
its own tetratricopeptide repeat chaperone, which presumably
binds to the EipBXD proteins. Similarly, there are two hilA
homologues: one in the ETT2 cluster and one in the eip cluster.
This curious redundancy, together with phylogenetic data on
the chaperones, suggests that the ETT2 and eip clusters were
once part of a larger cluster that underwent fission, accompa-
nied by the duplication of chaperones and regulators, after its
divergence from its common ancestor with Spi-1.
The ETT2 cluster simultaneously provides a model of gene
flux and mobility on the one hand and a model of genetic stasis
and loss on the other. The shuffling of homologues of genes
from three distinct Salmonella pathogenicity islands (Spi-1,
Spi-2, and Spi-3) into one cluster in E. coli represents patho-
genicity genes in motion. However, a single insertion followed
by mutational attrition provides a model for how genes are lost
from a genome once they no longer provide any selective
advantage (33): frameshift mutations are followed by gene
deletions and the arrival of insertion sequences that may then
catalyze deletions through homologous recombination be-
tween nearby elements. With the ETT2 cluster, we see the
whole spectrum of reductive evolution, from an apparently
intact 27.5-kb cluster in O42 to just two residual gene frag-
ments in S. flexneri (Fig. 2a). However, even though some
TTSS genes within the cluster may be nonfunctional or missing
in most strains, this does not mean that all genes within the
cluster are without an effect. We have recently found evidence
that some regulators encoded within the island exert a pro-
found effect on other virulence-related loci in at least one
strain (L. Zhang and M. J. Pallen, unpublished data). In this
regard, we propose that a useful metaphor for the ETT2 clus-
ter might be that of the grin of the Cheshire cat in Alice in
Wonderland (5). We speculate that this metaphor—that pow-
erful regulatory effects might outlive structural decay through
mutational attrition—might also apply to other decaying
prophages and pathogenicity islands.
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